Abstract: Eight novel germanium compounds of the type [R 2 Ge(E-Ar-E)], where R = Me, Ph; E-Ar-E = an aromatic bidentate chalcogen ligand, were successfully synthesised. The effects of changing 3 variables within the series were investigated. These variables included the chalcogen (E = S/Se), aromatic backbone (Ar = Nap/Biphenyl) and R group (Me/Ph) employed. The choice of aromatic backbone had the greatest effect on the structure. A substantial change in geometry around the germanium centre was observed within the solid state structures depending on whether the backbone was naphthalene or biphenyl. This affected the stability of the compound and resulted in the visible decomposition of two selenium complexes over several days. All novel compounds were characterised by multinuclear NMR, IR, mass spectroscopy and single crystal X-ray diffraction.
Introduction
Sulfur and selenium donor ligands are soft donor ligands [1] [2] [3] [4] and include, thiolates (A), dithiolates (B, D) and dithiolenes (C) as well as trithiolates (E) and tetrathiolates (F) (Figure 1 ). 5, 6 Figure 1: Sulfur donor ligands.
Of particular interest here are dithiolate ligands containing an aromatic backbone. Until recently bidentate dithiolate ligands with larger rigid aromatic backbones, such as naphthalene, biphenyl, anthracene and tetracene, have had relatively little attention in comparison to other dithiolate ligands such as ethane-1,2-dithiolate, B, and benzene-1,2-dithiolate, D 7 Teo reported some systems in the late 1970s (G-J, Figure 2 ) studying a series of singly and doubly bridged transition metal complexes with potential uses as organic solid state semiconductors. [8] [9] [10] [11] [12] [13] [14] [15] Figure 2: Structurally related naphthalene ligands.
Sulfur ligands can be used in a variety of applications, such as lubricant additives and as catalysts in a range of reactions [16] [17] [18] (K) and they can support unusual magnetic properties. [19] [20] [21] [22] Wright and co-workers established that rigid, naphthalene-1,8-dithiolate ligands provide a range of diiron hydrogenase mimics (L, ϯ Figure ϯ) that act as electrocatalysts for the proton reduction of p-toluenesulfonic acid. 23, 24 In addition, the rhodium (I) complex, M (   Figure ϯ) , containing the bidentate sulfur ligand 1,1'-binaphthalene-2,2'-dithiol, can be used as a catalyst for the highly regioselective hydroformylation of styrene. Robertson illustrated the ability of sulfur-donor atoms to bridge a range of metal centres to form species such as the titanium (IV) complex N. 28 Subsequently, Knight synthesised the platinum (II) complex O, which demonstrated that selenium-donor atoms are also capable of binding metal centres. 29 The hetero-bimetallic complex P demonstrated the ease with which sulfur donor atoms in ligands of this type may increase their coordination number. 30 More recently, work has included p-block elements with a series of phosphoruschalcogen heterocycles being synthesised (Scheme 1). Solid state nmr revealed that the selenium analogues showed intermolecular interactions between the phosphorus and selenium atoms. order to study hypercoordination in germanium heterocyclic compounds. Q exhibits a bipyramidal-trigonal local geometry of the germanium (IV) atom with intramolecular interactions of D→Ge. 39 Compound R, displays a distorted tetrahedral local geometry at the Ge (IV) center, however, if the two Ph substituents are replaced by Cl, a trigonal bipyramidal coordination geometry is observed, as well as strong O→Ge intramolecular interactions, due to an increase of the Lewis acidity on the germanium atom. 40 The first enantiomerically pure chiral germanium hydrides (S) were synthesised in 2003 by Gaultieri. 38 In this work we describe the synthesis and crystal structures of eight R 2 GeL complexes where R= Ph or Me, and L has either a napthyl or biphenyl backbone with sulfur or selenium donor atoms. Their structural features are compared.
Scheme 2: Synthesis of the germanium series.
Complexes 1-4 were obtained in 25-60% yield as cream/white solids. 1 had the lowest yield of the series as it was more soluble in hexane resulting in the loss of some product. Crystals of 1-4 suitable for single crystal X-ray diffraction were grown by slow evaporation from a saturated solution in dichloromethane. The starting material, Me 2 GeCl 2 , showed a signal from the methyl protons at δ H 1.21 ppm. Compounds 1 and 3 display a shift in the methyl signal upfield to δ H 0.92 ppm and δ H 0.83 ppm respectively since the two chlorine atoms bound to the germanium centre are changed for two, more donating, sulfur atoms. In a similar manner, the aromatic signals from the phenyl groups bound to the germanium centre in 2 and 4 also shifted upfield compared to the starting material, Ph 2 GeCl 2 . The appearance of aromatic signals from the chalcogen ligand provided further evidence of a successful reaction. Usually, for compounds containing the naphthalene backbone, three doublet of doublets would be expected. In 1, two aromatic peaks are observed, a doublet and a pseudo triplet. In this case the signals from the ortho and para protons perfectly overlap resulting in one doublet with an integral twice that of the pseudo triplet. This pseudo triplet is ϲ observed as the two coupling constants are of a similar size. In 2 the signals for the ortho and para protons are separate, with the same apparent triplet present. The selenium analogues were synthesised using the same procedure as for the sulfur complexes (2). showed signals corresponding to the starting ligand that suggested that the sample had decomposed into L3. This was further supported by single crystal X-ray diffraction of the sample whereupon the structure of the starting material, L3, was obtained. The 1 H NMR also showed evidence of a methyl containing germanium product displaying a singlet peak at δ H 0.59 ppm. This is upfield of the signal for the germanium starting material. The singlet signal suggests all methyl groups are in the same environment but currently, the form that the decomposition product takes remains unknown. The synthesis of 5 was repeated and the analysis conducted swiftly to avoid excessive decomposition. This allowed the best quality data ( 
The E-Ge-E angles for 1 and 5, which both possess methyl R groups, are 98.08(2) and 97.41(1)° respectively. This is well below the expected tetrahedral angle of 109.5°. However, for the phenyl analogues 2 and 6, the E-Ge-E angles are found to be slightly closer to the ideal tetrahedral angle, at 100.45(5) and 100.47(3)°. This was unexpected as one might assume a bulkier R group would lead to a larger E-Ge-E angle. The S-Ge bond lengths range between 2.206(2) and 2.2088(6) Å and the Se-Ge between 2.3265(8) and 2.3390(6) Å. All bond lengths are similar to those previously reported in the literature (S-Ge; 2.239 Å, Se-Ge; 2.368 Å).
36
The sum of the van der Waals radii for S-S and Se-Se is 3.6 and 3.8 Å respectively. The E···E interatomic distances are significantly smaller than the sum of the van der The largest splay angles observed are for complexes 5 (27.2(6)°) and 6 (25.5(13)°). Complex 5 is also found to have the smallest E-Ge-E angle of the series with both 5 and 6 having Se···Se interatomic distances that are much less than the sum of the two atoms' van der Waals radii. These observations suggest that the strain present in the complexes results in them being unstable. This is supported by the fact that they both readily decompose to their respective starting ligands, eliminating a germanium byproduct.
A small amount of in-plane distortion of the naphthalene ring can be observed with the C1−C10−C5−C6 dihedral angle ranging from 174.1(5)−179.4(2)°. This distortion is more pronounced when the Ge-R group is phenyl. The S1−C1···C9−S9 torsion angle varies greatly depending on the R group on the germanium; for methyl only a small torsion of 3.9(1)° (1) and 1.3(1)° (5) is observed whereas for phenyl this increases to 19.6(3)° (2) and 24.0(3)° (6).
Crystal structures of compounds 3, 4, 7 and 8 are shown in Figure 6 . Selected structural parameters are listed in Table 2 .
ϵ In these cases, with a flexible biphenyl backbone, the E1-Ge1-E12 angles range from 105.377(13)−106.85(4)° quite close to an ideal tetrahedral angle. In contrast to this the C13-Ge1-C14 angle is larger than the tetrahedral angle by 3.6-6.2°. The C1−C6−C7−C12 torsion angles range from 68.6(3)−75(1)°, notably larger than the 44° found in unsubstituted biphenyl. 37 The E···E interatomic ϭϬ distances between the chalcogen atoms in the bay-positions are still slightly less than the sum of their van der Waals radii (Σr vdW [S-S] = 3.6 Å. Σr vdW [Se-Se] = 3.8 Å). However they are further apart than the naphthalene complexes which may explain why these complexes proved to be more stable over time.
Conclusion
Eight germanium compounds of the type [R 2 Ge(E-Ar-E)], where R = Me, Ph; E-Ar-E = an aromatic bidentate chalcogen ligand, were successfully synthesised. The effects of changing 3 variables within the series were investigated. These variables included the chalcogen (E = S/Se), aromatic backbone (Ar = Nap/Biphenyl) and R group (Me/Ph) employed. The choice of aromatic backbone had the greatest effect on the structure. A substantial change in geometry around the germanium centre was observed within the solid state structures depending on whether the backbone was naphthalene or biphenyl.
Experimental

General:
All synthetic manipulations were performed under an atmosphere of dry nitrogen using standard Schlenkline techniques. Dry solvents were either collected from an MBraun Solvent Purification System, or were dried and stored according to common procedures. Chemicals were purchased from Sigma Aldrich, Acros Organics, Alfa Aesar or were taken from the laboratory inventory and used without further purification. 
X-Ray Crystallography:
The crystallographic data (Table 3) were collected using a Rigaku SCX-Mini diffractometer with graphite monochromated Mo-Kα radiation at -100(1) °C (Mo-Kα = λ= 0.71073 Å). The data for all compounds were collected and processed using CrystalClear (Rigaku). 39 The crystal structures were solved using direct methods and refined by full-matrix least-squares against F 2 (SHELXL) or heavy-atom Patterson methods and expanded using Fourier techniques.
40,41
The non-hydrogen atoms were refined anisotropically, hydrogen atoms were assigned riding isotropic displacement parameters and constrained to idealised ϭϭ geometries. Searches of the Cambridge Structure Database were performed using the WebCSD. 
